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UV indicatorThe accurate measurement of ultraviolet (UV) irradiation, especially within a container or vessel is one of the
challenges facing the broad implementation of UV sterilization. Currently, biological indicators are the best
method to determine whether an applied UV dose has the necessary efﬁcacy to achieve sterilization. To over-
come some of the challenges of using a biological indicator, chemical indicators based upon the degradation
of food, drug and cosmetic (FD&C) dyes were developed. In this work, the relationship between UV dose and
dye degradation was elucidated and used to create standard curves which could be used as a quantitative
measurement system. The use of dye degradation as a measurement of UV dose is especially useful when
the levels of UV irradiation within a container cannot be measured directly. Additionally, due to the highly
colored nature of the FD&C dyes, the visual changes present upon dye irradiation can be used as a qualitative
visual indicator of the UV dose.
© 2012 Elsevier B.V. Open access under CC BY-NC-ND license.1. Introduction
Germicidal ultraviolet (UV) bulbs have been recognized by the
medical industry as a means for the disinfection and sterilization of
medical instruments for well over 60 years (CPM, 1948). Since that
time, UV light has been used as a disinfectant and sterilization agent
for a number of different solid, liquid and gaseous materials (Hijen
et al., 2006; Bintsis et al., 2000; Riley and Nardell, 1989). In particular,
this technology has found extensive use in the treatment of drinking
water during the past two decades (Hijen et al., 2006; Wright et al.,
2002; Betancourt and Rose, 2004
Although germicidal bulbs have enjoyed widespread usage, one of
the main challenges of using UV light to disinfect or sterilize liquids is
the accurate determination of the UV dose within the liquid. Measur-
ing a repeatable and reproducible UV dose was an issue when germi-
cidal bulbs were ﬁrst proposed as a sterilization method (Jagger,
1967). While the energy per unit area imparted to a container of liq-
uid is easily calculated from the power of the UV source and the expo-
sure time, calculating the energy within the solution is not so trivial.
Unfortunately, even today UV dose measurement standardization
remains elusive with many new measurement methodologies being
published (Bolton and Linden, 2003; Wright and Lawryshyn, 2000;
Qualls et al., 1989).metic; D&C, Drug and Cosmetic.
R&D Bldg W-1-B, Jacksonville
-NC-ND license.The average dose (Davg) of UV light within a liquid can be calculat-
ed from the length of exposure (t) multiplied by the average intensity
(Iavg): Davg=Iavg * t. The average intensity is calculated using the fol-
lowing equation: Iavg=Io * (1 – e-A⁎L) / (A*L), where A is the absor-
bance of the liquid per centimeter and L is the path length of the
solution being irradiated (Morowitz, 1950). However, this calculation
is only valid for a homogeneous solution. The UV absorbance of mate-
rials within the solution itself or in the packaging containing the solu-
tion can create a very uneven dose when irradiated. The UV shadows
created can provide locations where microorganisms are not effec-
tively killed. Recently, computer modeling/simulations have been
created in an attempt to better predict the dose and efﬁcacy of UV
in solutions with less than desired results (Maka and Lawryshyn,
2011; Blatchley, 1997; Severin et al., 1983). Due to the difﬁculties of
obtaining an accurate dose and predicting the anti-microbial efﬁcacy
of a dose within a liquid, there is a clear need for additional quantita-
tive measurement methods.
In addition to quantitative measurements, qualitative visual indi-
cators are commonly used in sterilization processes. While biological
indicators of UV disinfection and sterilization have been developed
(Qualls and Johnson, 1983; Abshire et al., 1983) and are generally
regarded as the most deﬁnitive test for sterilization, they suffer
some disadvantages over chemical indicators, namely the delay in
obtaining results, cost and potential for contamination (Crow, 1983;
Linden and Darby, 1997). These disadvantages can limit the useful-
ness of biological indicators in some circumstances. While other
forms of sterilization, such as steam and chemical have effective
chemical indicators, the commercial availability of UV chemical indi-
cators is lacking. There have been reports of ﬂuorescently labeled
216 K.S. Putt et al. / Journal of Microbiological Methods 91 (2012) 215–221microspheres (Elyasi and Taghipour, 2011; Bohrerova et al., 2005)
and silica (Li et al., 2011) used to determine the dose within UV reac-
tors and the degradation of free chlorine has been proposed as a
method to quantitate the UV dose in solution (Feng et al., 2010).
However, these chemical degradation techniques all have the ability
to quantitate UV dose in solution, but lack the qualitative changes
that can be observed with the naked-eye common to other chemical
indicators.
Herein we describe the development of a measuring system based
on the degradation of various chromophores/ﬂuorophores that can be
used as a quantitative method to elucidate the UV dose within a liquid
or as a qualitative visual color-changing chemical indicator of UV
sterilization.2. Materials and methods
2.1. Materials
Allura Red AC (CAS# 25956-17-6) and Sunset Yellow FCF
(CAS# 2783-94-0) were purchased from the Tokyo Chemical Industry
(Tokyo, Japan). Erioglaucine (CAS# 3844-45-9) was purchased from
Spectrum (Gardena, CA). Erythrosin B (CAS# 568-63-8), Tartrazine
(CAS#1934-21-0) and Fast Green FCF (CAS#2353-45-9)were purchased
from Alfa Aesar (Ward Hill, MA). Indigo Carmine (CAS# 860-22-0)
was purchased from Amresco (Solon, OH). Fluorescein sodium salt
(CAS# 518-47-8) was purchased from Sigma (St. Louis, MO). NIST certi-
ﬁed UV germicidal detector PMA2122 and data logger PMA2100 were
purchased from Solar (Glenside, PA). UV bulbs were purchased from
LCD Lighting (Orange, CT). TableCurve2D was purchased from Systat
Software (San Jose, CA). Tryptic soy broth, tryptic soy agar, SAB-DEX
broth and SA-DEX agar were purchased from Northeast Laboratories
(Waterville, ME). Escherichia coli (ATCC 8739), Staphylococcus aureus
(ATCC 6538) and Candida albicans (ATCC 10231) were purchased
from the American Type Culture Collection (Manassas, VA). Corning
clear 96-well plates #3585, quartz semi-micro cuvettes, petri dishes
and all other materials were purchased from VWR (Atlanta, GA).2.2. Spectra and standard curve generation
1 mL of a 10 μg/mL dye solution in DI water was added to a quartz
cuvette. The UV/Vis absorbance spectra were read in a Molecular
Devices M5 (Sunnyvale, CA) from 200 to 800 nm every 2 nm. The
maximum peak absorbance in the visible region was determined for
each dye.
100 μL of various concentrations of dye solution in DI water were
added in triplicate to the wells of a 96-well plate. The 96-well plate
absorbance was read at the appropriate wavelength on a Molecular
Devices M5.2.3. Fluorescein ﬂuorescence degradation
1 mL of various concentrations of ﬂuorescein in DI water was
added to quartz ﬂuorescence cuvettes. The ﬂuorescence intensity of
each cuvette was measured with a Molecular Devices M5 with an
excitation of 490 nm, an emission of 520 nm and a cutoff ﬁlter of
515 nm. The cuvettes were irradiated for various amounts of time
with a germicidal UV bulb in a custom ﬁxture. The bulb power, mea-
sured in μW/cm2 was recorded before and after each irradiation
cycle. The ﬂuorescence intensity was measured again exactly as
described above. The dose was calculated by multiplying the bulb
power with the time. Decay curves were ﬁtted with TableCurve2D
using the 8119 DecayN equation with the form of y=(b1-d+cdx –
cx)1/(1-d)+a.2.4. Chromophore degradation
1 mL of various concentrations of each dye in DI water was added
to quartz cuvettes. The absorbance of each cuvette was measured
with a Molecular Devices M5 at the maximum peak wavelength for
each dye. The cuvettes were irradiated for various amounts of time
with a germicidal UV bulb in a custom ﬁxture. The bulb power,
measured in μW/cm2 was recorded before and after each irradiation
cycle. The absorbance was measured again exactly as described
above. The dose was calculated by multiplying the bulb power with
the time. Curves were ﬁtted exactly as described above.
2.5. Organism preparation
A lawn of organisms was grown on a petri dish containing tryptic
soy agar for E. coli and S. aureus or SAB-DEX agar for C. albicans over-
night at 35 °C. The cells were scraped from the petri dish and trans-
ferred into 5 mL of Dulbecco's phosphate buffered saline (DPBS)
containing 0.05% Tween 80 (v/v) (TDPBS). The absorbance of the
organisms was read and compared to a standard curve. The cells
were then diluted to the appropriate concentration as required for
each speciﬁc experiment.
2.6. Sterilization and dye dose determination experiments
The inoculum for each organism was adjusted to ~106 CFU/mL in
TDPBS. 1.5 mL of inoculumwas added to a semi-micro quartz cuvette.
The cuvettes were unevenly wrapped with various types and thick-
nesses of plastic wrap to create a container with varying amounts of
UV absorbance. The UV bulb power was measured and the time
adjusted such that each cuvette container was irradiated for a total
dose of 250 mW*s/cm2. The number of viable organisms was enu-
merated as described below. To the exact same cuvette container, a
10 μg/mL Erythrosin B solution was added and irradiated exactly as
described above. After irradiation, the absorbance of the dye was
measured at 525 nm and the corresponding dose was calculated
using the ﬁtted curve generated above.
2.7. Organism enumeration
100 μL of organism was added to each of six wells of Row A in a
96-well plate. 90 μL of SAB-DEX or TSB was added to rows B-H of
the plate. A 1:10 serial dilution was created by transferring 10 μL
from row A into the row B followed by a mixing. This pattern was
repeated down the plate. 100 μL of SAB-DEX or TSB then was added
to all wells. The plates were incubated for 48 hours at 35 °C. The ab-
sorbance of each well was read using a Molecular Devices SpectraMax
384Plus. The wells were deemed either positive or negative for
growth and the original concentration of organisms was calculated
using the most probable number method (Oblinger and Koburger,
1975; Eisenhart and Wilson, 1943).
2.8. Visual dye changes upon UV irradiation
1 mL of a 10 or 100 μg/mL solution of Erythrosin B or a 100 μg/mL
solution of Indigo Carmine dye in DI water was added to a quartz
cuvette. The UV bulb power was measured and the time adjusted
such that each cuvette was irradiated for the speciﬁed dose. Cuvettes
were photographed before and after irradiation.
3. Results and discussion
3.1. Dye degradation upon UV irradiation
Due to a general lack of chemical indicators for UV sterilization,
chemicals that exhibited an easily visualized color and/or ﬂuorescence
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to be water soluble, as most UV sterilization is performed either on
dry surfaces or in an aqueous media (Kowalski, 2009); exhibit a high
extinction coefﬁcient, such that the dyes are easily visualized with the
naked eye; and preferably be non-toxic. The highly colored FD&C and
D&C dyes appeared tomeet all of the requirementswith highwater sol-
ubility, high extinction coefﬁcients and very low levels of toxicity.
To characterize how these dyes would degrade upon UV irradia-
tion, the representative ﬂuorescein (D&C Yellow 8) was ﬁrst chosen.
Various concentrations of ﬂuorescein were irradiated in quartz
cuvettes by a 254 nm UV germicidal bulb. The ﬂuorescence intensity,
absorbance and UV dose was measured throughout the experiment.
The resulting curves were ﬁtted using TableCurve2D and found to
ﬁt best to a decay type of curve. As shown in Fig. 1a, a single represen-
tative curve of each concentration of ﬂuorescein exhibited a good ﬁt
with this decay curve.
As with any decay, when the ﬂuorescence intensity of each curve
was converted into a percentage of its starting value, all of the curves
collapsed onto the same curve (Fig. 1b). The collapsed absorbance
and ﬂuorescent intensity curves were similar. Utilizing a single ﬁtted
line equation greatly simpliﬁes the execution and analysis of experi-
ments, as the exact concentration of the dye does not need to be
known, only an initial measurement of its absorbance or intensity.
However, the starting and ending values must be within the linear
range of the detector.
To identify other dyes that exhibit a similar simple decay curve
when exposed to 254 nm UV light and had different sensitivities
such that they would be able to quantitate a range of different
doses, Erythrosin B (FD&C Red 3), Allura Red (FD&C Red 40), Bril-
liant Blue FCF (FD&C Blue 1), Indigo Carmine (FD&C Blue 2),
Tartrazine (FD&C Yellow 5), Sunset Yellow FCF (FD&C Yellow 6)
and Fast Green FCF (FD&C Green 3) were chosen. First, the absor-
bance spectrum, the peak absorbance wavelength and the linear0
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Fig. 1. A.) The loss of ﬂuorescence (ex./em. 490/520 nm) of various concentrations of
ﬂuorescein upon irradiation with known doses of 254 nm UV light. B.) All ﬂuorescein
degradation curves collapse to the same curve when raw ﬂuorescence is converted
to a percentage of the starting ﬂuorescence value. All curves are a single representative
from three independent experiments.region of detection of each chromophore were determined (see
Supporting Information).
For the UV degradation studies, a concentration of 10 μg/mL was
chosen to ensure that each dye was well within the linear range of
detection. Similar to the studies with ﬂuorescein, each dye was
subjected to known amounts of UV light and the absorbance of the
dye was measured throughout the experiment. Erythrosin B also
had a signiﬁcant ﬂuorescence emission that could be used in addition
to its absorbance. The absorbance values were converted into a per-
centage of the original absorbance value and the resulting curves
were ﬁtted with the same decay curve as ﬂuorescein.
Sunset Yellow and Erioglaucine were found to not exhibit a simple
decay curve and therefore were not used in any further experiments.
The chemical structures of the remaining dyes that did exhibit a sim-
ple decay curve can be seen in Fig. 2 (O'Neil et al., 2012). As shown in
Fig. 3a, a single representative curve of the decay rate for each of the
various dyes that did exhibit simple decay curves spanned a broad
range of UV doses. The quantitation range of each dye was deter-
mined to be between the doses that yielded a percentage value
between 100% and ~20% of the original absorbance value (Fig. 3b).
With standard curves generated and quantitation ranges identiﬁed,
these dyes then could be used to quantitate the amount of UV dose
actually realized within an irradiated object.
3.2. Determination of containers’ internal UV dose and sterility
UV sterilization is most efﬁcacious when applied to a low UV
absorbance medium such as air. However, most sterilization applica-
tions, especially liquid sterilization processes require the UV light to
pass through some kind of container in addition to the medium itself.
Inconsistencies in the absorbance of the package due to changes in
the thickness or the type of material can lead to areas with a much
lower UV dose. Similarly, heterogeneous solutions also can cause dif-
fering levels of UV dose within itself.
While the UV dose irradiating the exterior of a container is fairly
straightforward to measure via bulb power, the ability to measure
the average cumulative dose within a container is not so easily
accomplished. However, with a soluble dye that can be placed within
a container, the approximate average dose obtained within that con-
tainer upon UV irradiation can be determined.
To study the impact of uneven material absorbance upon steriliza-
tion, quartz cuvettes were unevenly wrapped with various plastic
sheets. This wrapping contained creases, small folds and gaps which
provided differences in the absorbance of UV light. Ten different
wrappings were applied and organized into groups with decreasing
average UV transmission (Fig. 4a).
To the wrapped cuvettes, 1.5 mL of a~1×106 CFU/mL solution of
organisms or 10 μg/mL solution of the dye Erythrosin B were added.
Both organisms and dye were suspended in Dulbeco's modiﬁed phos-
phate buffered saline containing 0.05% Tween-80 (TDPBS). TDPBS
was used to keep the organisms from forming large clumps and also
to impart a signiﬁcant UV absorbance to the solution itself. The ﬁlled,
wrapped cuvettes then were irradiated with a constant external dose
as measured by the bulb power and the surviving number of organ-
isms or the internal dose as measured by the reduction in dye absor-
bance was determined.
The gram negative bacteria, Escherichia coli, the gram positive bac-
teria, Staphylococcus aureus and the yeast Candida albicans were cho-
sen for this sterilization experiment. UV doses that provide for a
12-log overkill sterilization were obtained or calculated from pub-
lished data. Due to differences in methodology and the inherent chal-
lenges of measuring UV doses, a large variation in the overkill
sterilization dose was present in the literature with doses for E. coli
ranging between 2.5 to 98 mW*s/cm2 (Abshire and Dunton, 1981;
Kowalski, 2009; Wen-jun and Yong-ji, 2006; Sharp, 1940; Chang
et al., 1985), S. aureus between 2.7 to 174 mW*s/cm2 (Abshire and
Allura Red
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Erythrosin B
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Fast Green
FD&C Green 3
Tartrazine
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Fig. 2. Chemical structures (acid form) of chromophores and ﬂuorophores.
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1940; Maclean et al., 2008; Silva et al., 2003) and C. albicans between
26 to 537 mW*s/cm2 (Abshire and Dunton, 1981; Kowalski, 2009;
Wen-jun and Yong-ji, 2006). With regards to the various published
values and our own unpublished data, a dose of 100 mW*s/cm2 wasA
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As can be seen in Fig. 4b-d, the calculated internal dosewas less than
the applied dose and as the transmission of the plastic wrapping de-
creased (higher container group numbers have lower UV transmission15000 20000 25000
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hown for each dye in parenthesis. Each curve is a single representative curve of three
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The lower internal dose, even in an unwrapped cuvette (container
group 1) is most likely due to the increased absorbance of the TDPBS
solution itself, almost a 20% decrease in transmission per cm. Addition-
ally, an increase in distance from the bulb to account for the wrappings
on other cuvette groups and the slight absorbance of the cuvette itself
also contribute to the lower internal dose observed.
The container groups that exhibited high transmission and corre-
sponding higher internal doses showed complete kill for all threeO
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Fig. 4. Container groups with various plastics unevenly wrapped to partially block UV
light. A.) The average UV % transmission of the material(s) of each group of containers.
B, C, D.) The inhibition of UV transmission and the corresponding loss of sterilization of
Escherichia coli (B.), Staphylococcus aureus (C.) and Candida albicans (D.). The total irra-
diance of each group (n=6) was 100 mW*s/cm2 for the bacteria (B,C.) and
250 mW*s/cm2 for C. albicans (D.) as measured by the power output of the UV
bulbs. The UV dose within the container was calculated by the degradation of Erythro-
sin B (blue bars) and the number of viable organisms remaining after irradiation was
determined (red bars). All error bars represent standard error.organisms (container groups 1–4). However, as the absorbance of
the plastic wrapping increased, the internal dose eventually dropped
to a level at which some of the organisms could survive (container
groups 5–7). Once this transition point was reached, the number of
surviving organisms increased as the internal dose dropped further
(container groups 8–11). The surviving organisms were not evenly
distributed between the replicates of each sample due to the uneven
wrapping of the plastic, leading to the high variability. From this data,
it is apparent that the UV dose as determined by the internal dye cor-
relates much better to the number of surviving organisms than the
dose applied to the surface of the container.
3.3. Dye degradation as a visual UV chemical indicator
In addition to being used as a quantitative measurement tool, the
degradation of the dyes also can be used in a more qualitative manner
as a visual chemical indicator of UV dose. Since highly colored FD&C
dyes were chosen, the color transition while the dye is degrading can
be used as a visual indicator. To show the visual changes, several con-
centrations of various dyes were irradiated with known doses of UV
light with images of each dye taken throughout the irradiation process.
A 10 and 100 μg/mL solution of Erythrosin B and a 100 μg/mL solution
of Indigo Carmine were chosen as representative candidates as they
showed good visual color changes in the range of doses tested.
As shown in Fig. 5, a 10 μg/mL solution of Erythrosin B exhibited the
most visual change at lower UV doses with a stark difference in color
between 0 and 500 mW*s/cm2 and complete loss of color by
1000 mW*s/cm2. A 100 μg/mL solution of Indigo Carmine was slightly
less sensitive showing a slight color change at 500 mW*s/cm2, a stark
color change by 1000 mW*s/cm2 and a complete loss of color by
2500 mW*s/cm2. Lastly, a more concentrated 100 μg/mL solution of
Erythosin B allowed for visual changes with higher doses of UV light
as a complete loss of color was not observed until a 5000 mW*s/cm2
dose. The less UV sensitive dyes could be used as visual indicators if
higher UV doses are required.
3.4. Microorganisms 12-log overkill UV sterilization dose
As a reference, the 12-log overkill sterilization dose values for var-
ious bacteria, fungi, viruses and protozoa were obtained or calculated
from published data (Kowalski, 2009). These organisms were chosen
for either their use as a biological indicator for UV sterilization or
because they are known human pathogens. In general, most bacteria,
viruses and protozoa are sterilized with less than 500 mW*s/cm2 of
UV with a few organisms harboring increased resistance. Fungi, espe-
cially in their spore form are more resistant to UV sterilization than
the other groups of organisms with the majority of organisms steril-
ized between 500 and 2500 mW*s/cm2. As the vast majority of
organisms are sterilized within the 0 to 5000 mW*s/cm2 range,
Erythrosin B and/or Indigo Carmine can be used as an effective visual
qualitative chemical indicator to determine whether the UV dose was
sufﬁcient for sterilization.
4. Conclusions
Seven FD&C dyes and the D&C dye ﬂuorescein were tested to
determine if their absorbance and/or ﬂuorescence degradation upon
irradiation with 254 nm UV light could be used as a quantitative mea-
surement of UV dose. Six of the eight dyes showed simple decay
curves upon UV irradiation. Standard UV degradation curves of
these six dyes were created and all of these dyes could be used to
determine the average UV dose imparted to a solution. Due to the dif-
ferent sensitivities of the dyes, different ranges of UV dose could be
quantiﬁed.
To exhibit the potential of directly measuring the UV dose within a
container, cuvettes unevenly wrapped with various UV absorbing
Erythrosin B
10 µg/mL       
Erythrosin B
100 µg/mL 
Indigo Carmine
100 µg/mL 
Dose
mW*s/cm2 
Bacteria Fungus Protozoa Virus
Vibrio cholerae (20) Cryptosporidium parvum (20) 
Escherichia Coli (43) Giardia lamblia (29)
Mycobacterium tuberculosis (47)
Staphylococcus aureus (50) Herpes Simplex 2 (53)
Psuedomonas aeruginosa (82) Herpes Simplex 1 (60)
Serratia marcescens (126) Hepatitis A (126)
Blastomyces dermatitidis (168) Poliovirus type 1 (133)
Epstein-Barr (194)
Candida albicans (250) Bacteriophage MS2 (288)
Francisella tularensis (332) HIV (336)
Salmonella typhimurium (354) Fusarium solani-spore (376)
Bacillus anthracis-spore (493) 
Streptococcus pneumoniae (562) Adenovirus (560)
Aspergillus flavus-spore (600)
Aspergillus amstelodami-spore (650)
Polyomavirus (695)
Human Cytomegalovirus (790)
Acanthameoba castellani (1198) SV40 (1104)
Cladosporium trichoides (1344)
Bacillus atrophaeus-spore (1588) Scopulariopsis brevicaulis (1506)
Scopulariopsis brevicaulis (1506)
Aspergillus niger-spore (1608) 
Aspergillus fumigatus (1665)
Bacillus thuringiensis (2763) 
Rhizopus nigricans-spore (3600) SARS-CoV (3655)
Stachybotrys chartarum (6690)
0
500
1000
2500
5000
Fig. 5. Visual changes of Eyrthosin B and Indigo Carmine after exposure to 254 nm UV light and the 12 log overkill sterilization dose (number in parenthesis) for various UV biological
indicators and human pathogens.
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equivalent to a 12-log overkill sterilization dose. Due to the construc-
tion of the cuvette containers, the amount of UV energy that is able to
enter into the internal space is unknown and difﬁcult to absolutely
calculate. To these containers, the dye Erythrosin B or the microor-
ganism E. coli, S. aureus or C. albicans was added. The dye was used
to quantitate the internal UV dose or the number of surviving organ-
isms was determined. The loss of internal dose was shown to corre-
late to the increase in the number of surviving organisms even
though the total UV energy delivered to the containers’ exterior did
not change. Clearly the critical factor is the amount of UV to which
each individual organism is exposed and not the total UV delivered
by the bulb.
Finally, the visual changes of the dyes upon UV irradiation were
studied. The two most sensitive dyes, Eyrthrosin B and Indigo Car-
mine showed good visual color changes in the dose range of 0 to
5000 mW*s/cm2 depending on their concentration. Additional dyes
could be used if larger doses were required, however since most rel-
evant microorganisms’ 12-log overkill sterilization dose is below
5000 mW*s/cm2 these two dyes should be applicable to the vast
majority of microorganisms.
In summary, the challenges in measuring the absolute UV dose
and the current dearth of commercially available chemical indicators
for UV sterilization present a need for new quantitative and qualita-
tive methods. The ability to utilize FD&C dye degradation as both a
quantitative measurement tool and a qualitative visual indicator
makes these dyes a good choice for a UV chemical indicator.Acknowledgements
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